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An Assessment Tool to Evaluate Student Learning of Engineering (Fundamental)
Strand: K-12 Engineering Resources: Best practices in curriculum design While STEM subjects have traditionally been taught separately in K-12 schools the new initiatives share a focus on integrated approaches to teaching STEM. For example, the recently released Next Generation Science Standards (NGSS) 1 addressed the need for explicit integration of science with engineering. Science teachers are expected to teach intersecting concepts and core disciplinary science using scientific and engineering practices. One challenge that many teachers face is the lack of measurement instruments for student learning required in the NGSS. Measuring the student understanding of engineering, connections between science and engineering, and engineering practices requires the development of new assessments align to NGSS. The purpose of this study was to develop and validate a student assessment for engineering. The use of item response theory to assess item functioning was a focus of the study. The work is part of a larger project focused on increasing student learning in STEM-related areas in Grades 4 -8 through an engineering design-based, integrated approach to STEM instruction and assessment.
The Review of the Literature
For more than a decade, the United States has been shifting K-12 curriculum to a focus on science, technology, engineering, and mathematics (STEM). Over time, the argument for STEM education has grown stronger, in hopes of establishing a citizenry that is literate in all four STEM areas regardless of one's occupation. However, until recently, many STEM educational programs tended to focus on the "S" and "M" of the acronym, with slight mention of technology and largely ignoring engineering. Nevertheless, the future of engineering instruction in K-12 learning settings is brightening as many educational standards and research initiatives are being enacted to address the problem of genuine and effective implementation of STEM-focused curricula.
This study highlights one aspect of furthering the development of true STEM education. Primarily, we focus on a component of engineering education to bring to the forefront the "E" that has long gone unnoticed. The U.S. national report Engineering in K-12 Education: Understanding the Status and Improving the Prospects 2 stated, "The presence of engineering in K-12 classrooms is an important phenomenon, not because of the students impacted, which is still small relative to other school subjects, but because of the implications of engineering education for the future of science, technology, engineering, and mathematics (STEM) education more broadly" (p. 1). Generally, the endorsement of K-12 engineering education is motivated by interests in improving the quantity and quality of domestic students pursuing STEM careers. The benefits of an engineering education at the K-12 level extend beyond the expansion of the engineering pathway, reaching further to provide students opportunities to authentically interact with subject matter from other subjects, and actively engage the world around them. As Author et al.
Engineering education, at any grade level, cultivates competences that are useful beyond the academic context. Ioannis N. Miaoulis 5 , founding director of the National Center for Technological Literacy (NCTL), writes "I use my engineering training constantly to solve problems far removed from engineering, such as dealing with personnel issues or fundraising" (p. 39). The content of engineering allows students to make connections between their academic studies and their daily lives. Engineering education trains students to think analytically, and to use their knowledge base to make improvements. As Author 4 states "Engineering requires students to be independent, reflective, and metacognitive thinkers who can understand that prior experience and learning from failure can ultimately lead to better solutions" (p. 5). These skills, often referred to as engineering "habits of mind" -values, attitudes, and thinking skills associated with engineering -are transferrable to multiple contexts within our society.
While the current national focus on K-12 engineering education is encouraging, it is critical to consider the components of engineering literacy for pre-college students. For the purpose of clarification, a definition of engineering literacy developed by Purzer, Strobel, & Cardella 6 , is provided below:
Engineering literacy is the ability to solve problems and accomplish goals by applying the engineering design process -a systematic and often iterative approach to designing objects, processes, and systems to meet human needs and accomplish goals. Students who are able to apply the engineering design process to new situations know how to define a solvable problem, to generate and test potential solutions, and to modify the design by making tradeoffs among multiple considerations in order to reach an optimal solution. Engineering literacy also involves understanding the mutually supportive relationship between science and engineering, and the ways in which engineers respond to the interests and needs of society and in turn affect society and the environment by bringing about technological change (p. 8-9).
Engineering pedagogy in the K-12 setting should be centered on the engineering design process 2 . However, already demanding academic standards place a constraint on the flexibility of precollege curricula. STEM integration is an effective method to establish engineering literacy without compromising scientific and mathematical literacy. As Author et al. 7 stated, STEM integration is defined to be "the blending of science, technology, engineering, and mathematics content and context into one learning environment for the purpose of (1) deepening student understanding of each discipline by contextualizing concepts, (2) broadening student understanding of STEM disciplines through exposure to socially an culturally relevant STEM contexts, and (3) increasing interest in STEM disciplines to broaden the pipeline of students entering STEM fields" (p. 2). With the STEM integration concept, educators are able to use the engineering design process as content knowledge to familiarize students with engineering big ideas, or as a context to deepen student's learning of math and science content. Since engineering makes use of the other STEM disciplines, it allows for an organic implementation of STEM instructional strategies in a relevant and purposeful manner.
The increasing recognition of K-12 engineering education establishes a need for quality assessment to effectively measure students' learning of engineering. Arguments have been made about the importance of pre-college engineering education, but as pedagogies and standards are designed to satisfy this objective, sufficient measurement tools are required as well. Educators must be careful in creating and/or performing evaluations to determine whether the desired engineering outcomes have been realized by their students. Furthermore, it is essential that the instructional activities educators use appropriately prepare students for the engineering concepts that are assessed 2 . According to Olds et al. 8 , assessment is "the act of collecting data or evidence that can be used to answer classroom, curricular, or research questions" (p. 13). Whereas, the authors 8 define evaluation as "the interpretations that are made of the evidence collected about a given question" (p.13). The differentiation between these terms is essential to accurately determine the role of each in the educational process, and delineate the next steps for their continued advancement. This paper focuses on the design and development of an assessment to measure student learning of engineering in grades 4-8. There are few assessment tools available to measure student learning of engineering. An Engineering Concept Assessment designed by Daugherty et al. 9 focuses on engineering education at the secondary school level. Dyehouse et al.
10 generated student knowledge tests with similar intentions of measuring the science and engineering comprehension of elementary students (grades 2-4). Recently, National Assessment of Educational Progress (NAEP) also developed Technology and Engineering Literacy (TEL) 11 assessment that aims to measure how well students apply their understanding of technology and engineering principles in to real life situations. TEL assessment is computer-based and uses short-answer and multiple-choice questions. In 2014, the test was administered to a national sample of eight graders in 2014. The test takes approximately 120 minutes to complete and questions are not available to the public. These existing tools are not appropriate for grades 4-8 so this paper reports the first step in research on the development of an engineering assessment appropriate for these levels.
Methodology

Context
The engineering assessment was developed as a part of a larger study investigating the role of engineering design-based science curriculum units on student learning of STEM subjects. 15,000 students will participate in the study during the course of the five-year project. The purpose of the National Science Foundation funded project is to support teachers (grades 4-8) through professional development in developing and implementing effective integrated STEM curricula. To assess the engineering literacy of students as a result of STEM curriculum units, we developed an engineering assessment since no such assessment is currently available. In doing so, we took the view that our work was the first phase of research in what we expect to be an ongoing process of test development. As we collect additional student assessment data during the project and data for external variables such as state-mandated mathematics test scores, we will modify the assessment accordingly. Our research team consisted of a statistician and his graduate students, as well as two STEM education researchers, one with expertise in science and the other in engineering.
Assessment Development
Development of the engineering assessment was predicated on the goals and definitions underlying the STEM curriculum units described earlier, which were embedded in state-level engineering standards for students. We began with an assessment development team of academic researchers with collective expertise in engineering, science, and mathematics. Researchers wrote 21 multiple-choice items, and content and face validity of the items were established by expert review. Part of this expert review was to have researchers who were experts in engineering literacy evaluate whether the assessment addressed the tenants of engineering literacy 4, 6 . The 21 items were used to develop engineering assessments for elementary and middle school students-what is described here focuses on the middle school assessment but the assessment development for elementary students went through the same steps. The final version of the middle school engineering assessment had 15 items so that it could be integrated with science content questions (not reported here) and completed by students within one school period (50 minutes).
Once the assessment development team agreed that the assessment addressed comprehensive engineering literacy consistent with the goals and definitions underlying the STEM curriculum engineering units, the assessment was piloted in two waves. In the first wave, the assessment was administered to a small group of about 10-20 middle school students (grades 6-8). The purpose was to obtain and analyze preliminary item response data as well as obtain feedback on characteristics of the assessment and the testing environment that affected performance (e.g., readability, clarity of items). This small group of students was interviewed after they completed the assessment (40% were students of color and 44% students in the free and reduced lunch program). Based on information provided by wave 1 piloting, the assessment were modified by the assessment development team and then piloted a second time using a larger sample of students that allowed item analyses to be performed.
In the second wave of piloting the revised assessment was administered to approximately 170 middle school students. A diverse group of students completed the assessment (approximately 70% students of color and 75% students in the free and reduced lunch program). Data from wave two were used to conduct extensive item analyses of the assessment including a factor analysis of the data. The goal of these analyses was to assess the likelihood that items represented a single underlying construct (engineering literacy). The results reported in this paper come from this second wave of piloting.
Results
Factor-analytic results suggested a single (major) factor underlies the assessment (unidimensionality), a finding that was robust to different methods of factoring (principal axis, maximum likelihood) and factor rotation (varimax, oblique). Theoretically, the idea of a single factor underlying engineering literacy makes sense because by definition engineering literacy is an integrated and interdependent way of thinking 6 . Our claim of unidimensionality relied on four sources of information. First, the eigenvalue for factor 1 was approximately 5 and that for factor 2 was approximately 1.4 suggesting a single underlying factor. Second, the corresponding scree plot showed an almost ideal pattern supporting unidimensionality of a steep curve followed by a bend and then an essentially horizontal line. Third, the Tucker-Lewis reliability coefficient12 was estimated using maximum likelihood and the AMOS software in which models for 1 vs 2 factors were fitted and the corresponding chi-square fit statistics used to compute this coefficient. The resulting value of .85 supports the argument that a single factor underlies the middle school engineering assessment. Fourth, an examination of the size, pattern, and meaningfulness of factor loadings for the 1 factor model provided support for unidimensionality. These results collectively suggests that the goal of constructing items for the assessment that reflected a single factor was generally met, and helped to justify the use of item response theory (IRT) to generate proficiency scores for students.
Next the Rasch IRT model was fitted to the data for each item on each assessment to estimate that item's ability to contribute to estimates of student proficiency. In order to perform the item analyses for the test, we estimated the coefficient alpha, item mean, item discrimination and the frequencies of the items response options. To perform the analyses, we used Winsteps software. Several items statistics were estimated. However, the most important statistics to look at are the item location (item difficulty) and the item infit and outfit values. For the item location the interpretation is the lowest the value the easiest the item and the highest the value the hardest the item; in the case of infit and outfit values, they help to determine whether or not any item is productive for measurement purposes. Table 1 
Conclusion
The aim of the present study was to develop and provide phase 1 evidence of validity of a simple instrument to assess student learning of engineering literacy. The results provide evidence that the assessment represents the first research step in developing a psychometrically sound instrument. The short length of the test and the fact that all items are multiple choice items suggest that teachers or researchers can easily administer the test to evaluate student learning of engineering. Additional student responses to the assessment will continue to be collected as part of the larger research project, as will external variables such as a state-mandated assessment that may provide validity evidence. We will also continue to probe more specific features of the assessment such as the pattern of items on the IRT difficulty scale and whether the assessment performs similarly for student subgroups (e.g., gender).
